The effect of size and concentration of nanoparticles on the glass transition temperature of polymer nanocomposites † Olga A. Serenko, * a Vyacheslav I. Roldughin Numerous studies have reported a possibility of alteration of the polymer glass transition temperature (T g ) by the introduction of nanoscale particles. Here we use model nanocomposites based on polystyrene and polyphenylene dendrimers to show both theoretically and experimentally that inclusion of rigid nanoparticles of 2.3-5 nm size into the polymer leads to a negligible T g increase, not exceeding the experimental measurement error. Furthermore, we establish a strategy for preparation of the polymer nanocomposites with T g modified significantly from a practical point of view. We find that to form a uniform distribution in the polymer matrix the size of thermodynamically compatible nanoparticles should not exceed 2.3 nm. An increase of the particle diameter by 2 nm inevitably leads to the formation of filler aggregates.
The possible inuence of nanoparticle size and concentration on the glass transition temperature of polymeric nanocomposites (T g ) is actively investigated and discussed in the scientic literature. To date, several theoretical approaches have been developed that determine the contribution of nanoparticles to segmental dynamics of macromolecules. [1] [2] [3] [4] [5] [6] [7] In most cases, these approaches are based on concepts that can be described in a simplied way as follows:
-The polymer wets the surface of the nanoparticle, which suggests an increase in T g with an increase in the content of the nanosized ller; -The polymer does not wet the surface of the ller and, therefore, T g decreases with increasing content of nanoparticles; -Immobilization of macromolecules on the surface of the ller takes place, which leads to an increase in T g .
Experimental studies, where increase, permanence, or decrease of the glass transition temperature of polymers with SiO 2 nanoparticles, were discussed in a critical review. 8 It was noted that in the absence of clear understanding of the role of nanoparticles to explain the experimental results of a particular T g study, authors pick one of the above options, which is the most acceptable for their system. This situation does not bring us closer to the understanding of the role of nanosized ller in the polymer and, ultimately, to determining the advantages of using nanoparticles in the composition.
The current state in the eld of polymer nanocomposites is complicated in many respects by the aggregation of nanoparticles in the polymer matrix 9 and the necessity to develop methods for preventing the formation of dispersed phase aggregates as well as preserving their initial (or individual) dimensions and uniform distribution of nanoparticles in the polymer. One of the solutions to the problem is to modify the surface of the nanosized ller by graing functional groups that should ensure compatibility with the polymer matrix or form chemical bonds with the functional groups of the polymer.
10-12
However, the surface layer of the nanoparticle can act as a plasticizer for the matrix. [13] [14] [15] This effect disguises the effect of the nanoparticle itself on the composition properties. Thus, based on the results of thermodynamic analysis of polymer/ hybrid nanoparticles systems with a core-shell structure, it was shown that the increase or decrease in T g depends on the competition of two main factors:
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-An increase in the number of degrees of freedom and the system entropy because of the presence of an organic layer on the surfaces of nanoparticles; -A decrease of the system entropy and the number of conguration states of the macromolecules in the presence of nanoinclusions.
The rst of them leads to a drop in the glass transition temperature of the composition, while the second one leads to its rise since the contribution of the plasticizing effect of the nanoparticle surface layer to the nanocomposite properties decreases with an increase of its size.
Another approach to the preparation of nanocomposites is based on the use of a ller with a particle radius comparable to or smaller than the gyration radius of the macromolecule R g , in another version with a particle diameter comparable or smaller than the monomeric unit of the polymer chain. 7, 19, 20 For a wide range of polymers, the particles with a size of 2 to 5 nm meet these criteria. It is assumed that in this case, it is possible to obtain composites without ller aggregation avoiding a surface modication. According to M. E. Mackay et al., the introduction of particles with similar dimensions into the polymer can change the radius of gyration of the macromolecule as well as its conformational mobility, relaxation, and rheological characteristics, e.g., T g . The polymer glass transition temperature depends on the segmental mobility of the macromolecular chain.
21,22
Numerous studies 23, 24 discuss these dependencies and either conrm or refute the expected changes.
To study the effects of such small sized particles (2-5 nm) on the nanocomposite properties, it is convenient to use model nanoobjects, for example, dendrimers -regularly branched macromolecular particles. In this case, the monodispersity and similarity of the nanoparticle shape are predetermined by their structure formed as a result of controlled synthesis.
25-27
However, to the best of our knowledge, the studies on polymer/ dendrimers blends are not numerous.
27-32 S. K. Emran studied 12-tert-butyl ester dendrimer/poly(methyl methacrylate) blends. 29 It was found that dendrimers of the 2nd generation are plasticizers of poly(methyl methacrylate), and their introduction into the polymer leads to a decrease in the glass transition temperature of the blends. The plasticizing effect of dendrimers was also noted by B. M. Tande et al. 30 In this case, blends of polyvinyl chloride and poly(propylene imine) dendrimers of the 4th and 5th generations were studied. The study of blends of polystyrene (PS) and carbosilane dendrimers with [dimethyl(2-phenylethyl)silyl]propyl groups in the external layer demonstrated that with an increase in the content of dendrimers of the rst, second, and sixth generation, the T g of the systems have decreased, unchanged and increased, correspondingly.
31
It should be noted that the used dendrimers [27] [28] [29] [30] [31] are "so" (exible-chain) organic nanoparticles characterized by an intrinsic glass transition temperature that is lower than the glass transition temperature of the matrix. When rigid aryl ether dendrimers of the 1st and 2nd generations, whose melting points were 190 and 152 C, respectively, were introduced into polyethylene terephthalate, 32 no signicant effect on the T g was observed. Thus, at a concentration of 1st generation dendrimers of 5 and 10 wt%, T g decreased by 1 and 2 degrees, respectively; while a 3rd generation dendrimer was used, T g remained unchanged.
In this work, rigid polyphenylene dendrimers of the 1st and 3rd generations were used as nanoparticles. The absence of functional groups on the surface of these particles allows, rst, to exclude from consideration the possible plasticizing effect of the outer functional layer and, second, to determine the effect of the concentration and size of small rigid particles on the glass transition temperature of the matrix. Based on the thermodynamic approach to the evaluation of glass transition temperature of composites with rigid model nanoparticles, we theoretically assessed and experimentally proved that the high hopes associated with small size nanoparticles were not justied. Small rigid nanoparticles do not show a signicant effect on the glass transition temperature of a nanocomposite, that can be reliably determined by experimental methods and whose variation would have an impact on the temperature range of the material usage.
Results and discussion

Determination of compatibility of the composition components
It is known that the components of the mixture are thermodynamically compatible in case of the following inequality:
where 
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The required for assessment of the components compatibility values of the solubility parameters, surface tension and molar volumes of PS, F1, and F3 are given in Table 1 . If the following abbreviations are accepted:
then inequality (2) can be written as A < B. The values of the required parameters for studied systems at 298 K are shown in Table 2 . As it follows from the presented data, M n of PS corresponding to the compatibility with the 1st generation polyphenylene dendrimer is 150 kDa. M n of the matrix polymer is 86 kDa. According to data obtained, the components of the PS/F1 system have high compatibility. For the mixture of PS with F3, compatibility of the matrix polymer with the terminal groups of the dendrimer was estimated. The fragment of the structure of the dendrimer terminal groups is given below:
The values of the required parameters are given in Table 1 , and the results of the calculation are presented in Table 2 . According to the data obtained, the surface groups of the thirdgeneration dendrimer are well compatible with PS. Considering the fact that the size of F3 meets the requirements for avoiding its aggregation in polymer matrix, namely, the radius of these nanoparticles (2.5 nm) is less than R g of the polymer, 17 which is equal to 12.5 nm, 35 a uniform distribution of F3 dendrimers in PS can be expected (dendrimers do not form aggregates).
Morphology of PS/dendrimer compositions
The obtained PS/F1 lms in the studied range of nanoparticle concentrations are transparent, indicating a good compatibility of the dendrimer with the matrix polymer, which agrees with the results of the evaluation of thermodynamic compatibility. The absence of dendrimer aggregates in PS is also conrmed by the results of electron microscopy. Fig. 1(a and b) shows TEM images of a sample containing 3 wt% of F1. The lm is homogeneous.
Unlike PS/F1 blends, PS/F3 lms are transparent if the amount of the dendrimers does not exceed 1 wt%. The lm is characterized with a slight opalescence at an F3 concentration of 2 wt%, while at 3 wt% of F3 the compositions become turbid. Fig. 1(c and d) shows TEM images of a PS-based sample containing 3 wt% of F3. Aggregates up to 650 nm in size are observed in the polymer. They can also be detected with the use of an optical microscope (Fig. 1e) . The result obtained is somewhat unexpected. As it was mentioned above, the surface groups of an F3 nanoparticle are compatible with PS, and the F3 radius is less than R g of the matrix polymer. It is evident that the formation of aggregates and, consequently, the mixture microphase separation is depended on the nanoparticle size. A similar behavior was observed in work, 36 where particles with a radius of 2 nm containing the surface groups which are thermodynamically compatible with the polymer (PS), formed aggregates in its bulk. The similarity of the results indicates the dependence of compatibility of nanoparticles with the matrix polymer on their size. Consequently, the fulllment of the requirements 17, 18 which assume the absence of aggregation if the radius of nanoparticles is smaller than the gyration radius of the macromolecule, is not a guarantee of preventing aggregation of a nanosized ller.
Glass transition temperature of PS/dendrimer blends
Polyphenylene dendrimers are rigid-chain polymers, and their glass transition temperature exceeds the decomposition temperature. Fig. 2 shows the dendrimer concentration dependence of the glass transition temperature of the composites. It is worth noting that according to the results of thermogravimetric analysis the mixture does not contain residual solvent. The results presented in the gure indicate the similarity of T g of the studied systems with that of PS as differences do not exceed 0.5-0.6 C. Consequently, rigid, structurally uniform nanoparticles (not containing a surface plasticizing layer) with a size of 2.3 and 5.0 nm do not have a signicant effect on the glass transition temperature of the matrix polymer at the concentration of nanoparticles lesser than 3 vol%. Y. Tai et al. 11, 12 and some authors as analyzed in the review 8 have obtained similar results.
Thermodynamic analysis of the glass transition temperature of amorphous polymer/nanoparticle composites A thermodynamic approach to the analysis of concentrationdependent changes in T g of nanocomposites based on amorphous polymer and nanoparticles with a core-shell structure, which includes the internal conguration entropy of the hybrid nano-inclusions was developed earlier.
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To describe the concentration-dependent change in the glass transition temperature of a polymer lled with polyphenylene dendrimers, we use the approaches proposed earlier 16 assuming the structural uniformity and monodispersity of the particles. In this case, the equation describing the glass transition temperature of the composite takes the form:
Here T g0 is glass transition temperature of the matrix polymer,
, R is the gas constant; M p is the molar mass of the À1 , is change in heat capacity of the polymer upon vitrication; R K is the Kuhn segment size of polymer matrix; R 0 is the unit cell size, and R p is the particle radius including the modied surface layer; N -degree of polymerization; N p is number of unit cells, occupied by particles; R d ¼ R p À d; d -thickness of the surface layer, which elements might have different orientation in the dendrimer, Z is the coordination number of macromolecules; 4 -volumetric fraction of particles, n -number of degrees of freedom associated with the different orientation of the elements of the surface layer.
The summands in the braces of eqn (3) have the following physical meaning. The rst four are related to the entropy of mixing, considering the different congurations of polymer molecules in the presence of particles. The multiplier tanh(R p / R K ) excludes the inuence of particles on the conguration of the polymer molecule when their size is smaller than the length of the Kuhn segment. The h summand considers the steric interaction of dendrimers with each other. Finally, the last three summands are related to the contribution of different orientations of the particles to the entropy as a whole and segments in the d thick surface layer. Upon the calculation of the glass transition temperature of PS/dendrimer composites, the value of parameter Z, which characterizes the coordination number of segments of the PS macromolecule, was taken equal to 9.
16,31 Fig. 3 shows the obtained dependences of the T g changes on the content of rigid dendrimers. The thickness of the surface layer d, whose values were 0 and 0.42 nm, was used as the variation parameter. The rst option (d ¼ 0 nm) assumes an absolute rigidity of the polyphenylene dendrimers (Fig. 3, curves 1 and 2) , i.e., their units have a strictly xed conformation. It should be noted that for a zero value of the surface layer, R d ¼ R p , the last summand in eqn (3), which includes parameter n, also becomes zero. It can be seen from the gure, that for the PS/F1 system this approximation leads to an increase of the glass transition temperature, however, the values of the positive T g shi in the investigated concentration range of F1 do not exceed 1 C and correspond to the experimental data. For dendrimers of the third generation F3, the shi in the glass transition temperature (DT g ) reaches 2.8 C and slightly exceeds the mean error of the experimental values. The obtained result indicates the absence of absolute rigidity in dendrimers of the third generation, and for the PS/F3 system, the value of d is probably different from zero.
In the second version of calculation, the thickness of the surface layer is equal to the size of the phenyl ring of the terminal group of the dendrimer (d ¼ 0.42 nm) assuming a "defrosting" of the surface layer of nanoparticles to the "depth". "Defrosting" implies the appearance of different degrees of freedom of the segments, in particular, their rotations. Similar to the mixture "PS/exible-chain carbosilane dendrimer"
16,31 the parameter n was assumed to be equal 7 upon the calculation of the glass transition temperature. Fig. 3 (curve 2 0 ) shows the decrease of the glass transition temperature of PS/ F3 with an increase of nanoparticle content, however, the value of DT g does not exceed 0.6 C in the analyzed concentration range. Since polyphenylene dendrimers are rigid-chain nanoparticles, T g was calculated at n ¼ 3 (Fig. 3 , curve 2 00 ). In this case, a better agreement with the experimental data is achieved, and the glass transition temperature of the PS/F3 system increases with the increase of the dendrimer concentration, but the value of the positive shi of T g does not exceed 0.65 C.
Taking into account the performed thermodynamic analysis of the changes in the glass transition temperature of the nanocomposites, it can be concluded that incorporation of rigid nanosized particles with a size of 2.3-5.0 nm into the polymer should result in increase of T g of the system, however the value of this increase at a concentration of nanoparticles lesser than 3 vol% does not exceed the experimental error. In practice, the introduction of nanoparticles does not affect signicantly on T g of the material.
Thus, to obtain a material with a uniform distribution of nanoparticles at their content of 3 vol%, the latter should be thermodynamically compatible with the matrix polymer and have a size of 2.3 nm. An increase of the particle size inevitably leads to aggregation of the ller, despite its compatibility with the matrix. It has been theoretically and experimentally shown that nanoparticles of this size are not capable signicantly change the T g of the material. An increase in the concentration of nanoparticles (more than 3-5 vol%) with a size of 2-3 nm promotes the formation of aggregates 16, [36] [37] [38] [39] and, as a consequence, prevents the expected effect of the nanosized ller on the glass transition temperature.
The use of particles bigger than 2-2.3 nm leads to their unavoidable aggregation. 37, 40 Thermodynamic analysis of these systems, which does not take into account the existence of aggregates in the volume of the polymer, predicts an increase in T g of the composites. However, the positive shi of this characteristic of the sample does not exceed the usual statistical (or arithmetic mean) spread of the obtained values of T g . Consequently, in this case, the expected effects of nanosized particles on this important characteristic of polymer nanocomposites are not justied either. We particularly emphasize that this conclusion refers to nanocomposites in which there are no interactions between the nanoparticles and the polymer matrix. Fig. 2 The dependence of T g of the PS-composite on polyphenylene dendrimer concentration. F1 is the 1st and F3 is 3rd dendrimer generation. The particle size: 2.3 nm (F1) and 5.0 nm (F3). The dashed line indicates the glass transition temperature of PS. The difference between T g of composites and pure PS is 0.5-0.6 C and can be regarded as an experimental error. Fig. 3 The theoretical dependences of the composite glass transition temperature (DT g ) on the concentration of nanoparticles. Particle size: 2.3 nm (1) and 5.0 nm (2, 2 0 , 2 00 ). The calculation is performed using eqn (3) with the following parameter values:
). The dashed lines indicate the experimental range of the glass transition temperature of nanocomposites (AE0.5 C).
Conclusions
The thermodynamic analysis of systems with nanosized particles shows that the high hopes associated with small size nanoparticles were not justied. The introduction of rigid nanoparticles of 2.3-5 nm size into the polymer leads to a negligible increase in the glass transition temperature of the system, but this increase does not exceed the experimental measurement error at the nanoparticle concentration less or equal to 3 vol%. It is necessary to change the general strategy for polymer nanocomposite preparation in which nanoparticles would contribute to a signicant increase in their glass transition temperature. One of the factors of "control" over properties of the future material with nano-sized particles can be the directed formation of the nanoparticle/polymer surface layer, composed of the polymer near the nanoparticle and the surface layer of the particle itself. 8 Possibly, nding of the conditions for its formation, understanding the function of this layer, its contribution to the properties of the future material, will disclose the "mystery" of nanoparticles in the polymer.
Materials and methods
, M w /M n ¼ 2.22, density 1.045 g cm À3 ) was used. Polyphenylene dendrimers of the 1st and 3rd generation (from now on referred to as F1 and F3, respectively) were used as nanosized llers. Their structural formulae are given below:
Synthesis of dendrimers was carried out according to a procedure published elsewhere. 41 The particle size, assessed using molecular mechanics simulations, was shown to be 2.3 nm for F1 and 5.0 nm for F3.
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The density of the dendrimers was determined by gel pycnometry using an automatic helium pycnometer AccuPyc 1340 (Micromeritics Instrument Corp., USA). The values obtained are 1.114 AE 0.002 and 1.123 AE 0.003 g cm À3 for F1 and F3, respectively.
To obtain PS/dendrimer compositions we prepared solutions of PS and dendrimers (F1 or F3) in benzene. Then, a solution of the dendrimer in 5 ml of benzene was added dropwise to a solution of polymer (0.785 g of PS in 10 ml of benzene) while stirring with a magnetic stirrer. Aer the total amount of dendrimer was introduced, the resulting solution was aged with stirring for 40 minutes, aer which it was precipitated in 400 ml of ethyl alcohol. The white product was ltered on a Schott glass lter and dried in a vacuum oven at 110 C until constant weight. The average drying time was 24 hours. The presence of residual solvent in the mixture was monitored by thermogravimetry analysis. The concentration of dendrimers in the PS was varied from 0 to 3 wt%. The weight concentrations and their corresponding volume concentrations of dendrimers in PS are presented in the ESI. † The resulting blends were used for producing 200 mm thick lms by hot pressure molding at 180 C and 10 MPa. The samples were maintained under pressure for 5 min at 180 C and for an additional 5 min when cooling. The PS/F1 lms were colorless and transparent, and in the case of PS/F3, they were of a light-yellow color. When analyzing the properties of the compositions, a PS lm obtained under similar conditions served as a reference sample. The blends were studied by thermogravimetric analysis with the help of "Derivatograph-C" instrument (MOM, Hungary) at a heating rate of 10 min À1 in argon on z20 mg samples.
The morphology of the samples was examined by transmission electron microscopy using the LEO912 AB Omega microscope (Karl Zeiss, Germany). Preliminarily, thin slices not more than 100 nm thick were obtained using a ultramicrotome Reichert-Jung with a diamond knife.
Also, an optical microscope Eclipse 55i (Nikon, Japan) equipped with a digital imaging record system was used.
The glass transition temperature of the compositions was determined by differential scanning calorimetry on a Mettler Toledo 822E thermal analyzer at a heating rate of 10 C min À1 .
T g of the sample was assumed to be the temperature corresponding to the inection point in the devitrication stage of the material during re-scanning the temperature.
The thermodynamic compatibility of PS with dendrimers was calculated using the method described elsewhere 33, 34 with the CASCADE soware. The known equations were used to evaluate the following characteristics:
d solubility parameter (J cm À3 ) 0.5 :
g s "solvent" and g p polymer surface tension (mN m À1 ):
V is the molar volume (cm 3 mol À1 ):
where DE * i is contribution of each atom and type of intermolecular interaction to the cohesion energy of the low-molecular weight compound or polymer; X i DV i is van der Waals volume of the solvent molecule or a repeating unit of the polymer; N A is Avogadro's number; A j is a factor associated with coefficients of the molecular packing of liquid molecules in bulk and on the surface; C j is the parameter associated with the molecular packing coefficients of polymers and is dependent on the polymer type; and m is the number of atoms in the polymer repeating unit, k cp is the average coefficient of molecular packing equaled to 0.681 (for amorphous bulk polymers 33, 34 ).
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